The charge-discharge behavior of electric double-layer capacitors (EDLCs) composed of several ionic liquids and their lithium solutions were evaluated. The model EDLC cell with a Li + -containing ionic liquid electrolyte, LiTFSI/ EMImFSI (LiTFSI = lithium bis(trifluoromethylsulfonyl)imide, EMImFSI = 1-ethyl-3-methylimidazolium bis(fluorosulfonyl)imide), exhibited a higher discharge capacitance than the cell containing EMImFSI, whereas the discharge capacitance of the cell with LiTFSI/EMImTFSI was lower than that of the cell containing EMImTFSI. In addition, the cells composed of EMImBF 4 -based electrolytes displayed similar charge-discharge characteristics irrespective of the presence of the corresponding lithium salts. The distinctive results for the EDLCs with lithium-containing ionic liquid electrolytes are also discussed based on the application of the electrochemical impedance technique to model carbon electrodes in ionic liquids. According to the obtained differential capacitance of the model glassy carbon electrode in each ionic liquid electrolyte, the electric double-layer (compact layer) structure at the electrode/ electrolyte interface depends on the component anion species of the ionic liquid and the co-existence of the anion and Li + .
Introduction
Recent growth and demand for portable electronics and largescale applications, such as hybrid or electric vehicles and renewable energy storage devices, require advanced electrochemical capacitors. Electric double-layer capacitors (EDLCs) are a type of electrochemical capacitor that have become widely accepted as practical energy storage devices because of their high power density and long life cycle. These qualities are attributed to their simple energy storage mechanism, in which positive and negative charge carriers within the electrolyte adsorb onto the electrode surface (formation of an electric double layer). 15 To satisfy the power requirements of recent innovations such as electric vehicles, nonaqueous electric doublelayer capacitors (EDLCs) that utilize an organic electrolyte [e.g., a quaternary ammonium salt dissolved in acetonitrile (AN) or propylene carbonate (PC)] have been extensively studied because their wide electrochemical window can enhance the cell voltage and the total stored energy in an EDLC. 2 Organic-electrolyte EDLCs, however, exhibit a specific resistance greater than that of aqueous systems, which results in a reduced power density. In addition, EDLC cells with organic electrolytes exhibit relatively high flammability due to the presence of volatile organic solvents.
Room-temperature ionic liquids such as 1-ethyl-3-methylimidazolium tetrafluoroborate (EMImBF 4 ) have attracted growing interest as reaction solvents from the perspective of environmental integrity, i.e., "green chemistry." Moreover, ionic liquids have been investigated as non-flammable and non-volatile electrolytes for electrochemical devices. 611 Such advantages should also be beneficial for EDLCs in electronics, particularly in power and mobile applications. Thus, many reports have demonstrated the use of ionic liquids in EDLCs. 1218 Most of these ionic liquids, however, have disadvantages such as high viscosity and poor low-temperature characteristics when compared to conventional organic-solventbased electrolytes. Imidazolium-based ionic liquids, which exhibit relatively low viscosity and high ionic conductivity, are regarded as ineffective for the high-voltage operation of EDLCs due to their low electrochemical stability. These concerns could be addressed by extending the potential window of ionic liquid-based electrolytes without impairing their fluidity, which should improve the energy and power density of EDLCs.
Recently, there have been reports demonstrating that the negative potential limit of the window can be shifted favorably in a more negative direction by adding LiBF 4 to EMImBF 4 , thus improving the operation cell voltage of an ELDC. 19, 20 The addition of a lithium salt to an ionic liquid is simple and could contribute to the development of EDLCs with satisfactory energy density. Nevertheless, studies of the efficacy of the addition of lithium salt for improving EDLC charge-discharge characteristics have been limited.
Herein, we report model EDLC cells with several ionic liquids (EMImFSI, EMImBF 4 , and EMImTFSI) and their lithium solutions and clarify the advantages of the addition of a lithium salt to an ionic liquid electrolyte for EDLC performance. In addition, we elucidate the origin of the benefit provided by the use of lithium-containing ionic liquid electrolytes based on the electrode/electrolyte interface structure in the ionic liquid electrolyte using an AC impedance technique with a model carbon electrode.
Experimental

Ionic liquids and lithium solutions
We chose three types of ionic liquids; EMImBF 4 (Kanto Chemical Co., Ltd.), EMImTFSI (TFSI ¹ = bis(trifluoromethylsulfonyl)imide, Kanto Chemical Co., Ltd.), and EMImFSI (FSI ¹ = bis(fluorosulfonyl)imide, Dai-ichi Kogyo Seiyaku Co., Ltd.). The ionic liquids were dried under a vacuum for more than 24 h and preserved in an argon-filled glove box (less than 1.0 ppm of oxygen and moisture). LiBF 4 and LiTFSI were purchased from Kanto Kagaku Co., Ltd. and were used after drying under vacuum. Lithium-containing electrolytes based on the ionic liquids (LiBF 4 / EMImBF 4 , LiTFSI/EMImTFSI, and LiTFSI/EMImFSI) were prepared at specific concentrations and dried under a high vacuum at less than 10 ¹2 Pa at 80°C for 24 h. ) were used as the electrode active material. A pair of electrodes (diameter: 10 mm) and a glass fiber-based separator (GB-100R, Advantec Toyo Kaisha, Ltd.) were immersed in the ionic liquid or its lithium solution, corresponding to the electrolyte used in the test cell, for 2 h under reduced pressure before test cell assembly. A twoelectrode symmetric model cell fabricated with these electrodes, the separator, and the ionic liquid with/without the lithium salt was employed for electrochemical measurements. All components were mounted in a Teflon μ container forming the cell exterior with platinum current collectors. The EDLC performance of the model cells was measured using a computerized battery charge-discharge analyzer (HJ-SM8, Hokuto Denko Co.). The discharge rate capability of each EDLC was also estimated at various discharge current densities between 2.5 and 100 mA cm ¹2 after a constant current charge up to 2.5 V.
Evaluation of the electrode/electrolyte interface
To investigate the electrode/electrolyte interface structure in the ionic liquids and their lithium solution, linear-sweep voltammetry and AC impedance analyses were performed using a three-electrode cell. A glassy carbon disk (GC, Tokai Carbon, 7.07 © 10 ¹2 cm 2 ) was used as the working electrode. The surface of the GC electrode was activated using a prescribed polishing treatment to remove impurities and oxygen-containing functionalities and to maintain its isotropic disordered structure. The activation was confirmed using a completely reversible [Fe(CN) 6 6 ] + 1 mol dm ¹3 KCl aqueous solution. Platinum was used as the counter electrode. The reference electrode consisted of a silver wire immersed in 0.10 mol cm ¹3 AgCF 3 SO 3 /EMImTFSI and separated from the bulk solution by porous glass (Vycor). The electrochemical stability of the electrolytes was examined using linear-sweep voltammetry (LSV) at a scan rate of 5 mV s
¹1
. We estimated the frequency-dependent capacitance of the working electrodes with an applied AC amplitude of 10 mV and a frequency range of 10 mHz 20 kHz at each bias potential from ¹0.7 to ¹2.5 V vs. Ag/Ag + using an electrochemical measurement unit (Model SI 1280B, Solartron Analytical). The capacitance at a certain electrode potential was measured after sufficient potentiostatic polarization when the observed current was reduced to negligible. The frequency ( f )-dependent capacitance (C) was calculated from the imaginary component ZBB of the complex impedance, which was estimated as
where j indicates an imaginary unit. All electrochemical measurements were carried out at 25°C. Figure 1 shows the charge-discharge curves for the EDLC model cells containing ionic liquid-based electrolytes with/without lithium salts at a current density of 20 mA cm ¹2 with a maximum cell voltage of 2.5 V. All cells exhibited the triangular charge-discharge profile typical for an EDLC regardless of the dissolved lithium salt, indicating that electric energy storage in the cells was achieved on the basis of double-layer charging. Their symmetric profiles indicate their high Coulombic efficiency. For the EDLC cells containing EMImFSI-based electrolytes, the addition of lithium salt (LiTFSI) to EMImFSI enhanced the charging and discharging time [ Fig. 1(a) ]. By contrast, as observed in Fig. 1(c) , the charge-discharge time for the cell with LiTFSI/EMImTFSI was significantly shorter than that for EMImTFSI. Both cells based on EMImBF 4 behaved similarly at the charge-discharge current density; the curve for LiBF 4 /EMImBF 4 was nearly identical to the curve for blank EMImBF 4 [ Fig. 1(b) ]. Figure 1 (d) summarizes the discharge capacitance of the model cells at a discharge current density of 20 mA cm ¹2 and compares the difference in discharge capacitance in the presence/absence of the corresponding lithium salt. The discharge capacitance based on a single electrode in the present EDLC symmetrical cell (C dis ) is estimated as
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where i is the discharge current (A), W is the mass of the single activated carbon electrode (g), ¦t is the discharge time (s), and ¦V is the cell voltage difference during discharge. 2123 At the relatively low current density, after accounting for a slight increase in the discharge capacitance for EMImBF 4 that is likely due to the highly absorbed small-sized BF 4 ¹ anion in the positive electrode, the cells with neat ionic liquids (EMImFSI, EMImBF 4 , and EMImTFSI) exhibited approximately the same discharge capacitance, 100 F g ¹1 . The discharge capacitance of the cell with the LiTFSI/EMImFSI electrolyte was 110 F g ¹1 , the highest among the six electrolytes. The calculated capacitances for LiBF 4 /EMImBF 4 and LiTFSI/ EMImTFSI were 99 and 71% of those for EMImBF 4 and EMImTFSI, respectively. Assuming that the significant decrease in the discharge capacitance for LiTFSI/EMImTFSI includes the loss of capacitance, which is due to the increase in the internal resistance as is evident from the observed large voltage drop, the enhancement of the capacitance for LiTFSI/EMImFSI is very unique.
We attempted to evaluate the charge-discharge behavior from the viewpoint of electric double-layer charging by estimating the differential capacitance, CB, that is, by removing the effect of the internal resistance caused by the electrolyte's viscosity or ionic conductivity (Fig. 2) . CB was calculated from the discharge curve slope, dV/dt, as illustrated in Fig. 2(a) . The comparison of the discharge-current-dependence of the differential capacitance reten-
, where x is the concentration of a lithium salt (mol kg ¹1 ) and y is the discharge current density (mA cm In the range of lower discharge current densities, the differential capacitance for LiTFSI/EMImFSI exceeded that for the neat EMImFSI electrolyte [ Fig. 2(b) ], whereas the cell with LiTFSI/ EMImTFSI lost approximately 16% of its differential capacitance compared to neat EMImTFSI [ Fig. 2(c) ]. No change in the discharge capacitance was observed for the cell composed of the LiBF 4 /EMImBF 4 system [ Fig. 2(d) ]. These results agree with the comparison of the discharge capacitance shown in Fig. 1(d) . Because the observed differential discharge capacitance reflects the electric double-layer structure, the structure should contain Li 
Electrode/electrolyte interfacial structure in ionic liquids
As mentioned in Fig. 1(d) , at a low discharge current density, significant changes in the discharge capacitance were observed only when the lithium salts were added to the ionic liquids, whereas the discharge capacitances of the EDLC cells using neat ionic liquids varied little with different-sized anions. The presence of positively charged Li + , which must be drawn toward the negatively polarized surface, might cause dramatic changes in the electric double-layer structure on the negative electrode of an EDLC cell.
Several electrochemical techniques, such as AC impedance measurement, have been utilized with model carbon electrodes to investigate the electric double-layer structure. 2428 In our previous work on lithium-ion batteries using an FSI-based ionic liquid, 29 we predicted the unusual electric double-layer structure resulting from the co-existence of FSI ¹ and Li + on the polarized electrode using voltammetric and AC impedance analyses. Herein below, to associate the structural change in the electric double layer at the negative electrode with the improvement or depreciation of the discharge capacitance of the EDLC cell with the lithium-containing ionic liquid electrolyte presented in Section 3.1, we used electrochemical techniques to determine the specific capacitance of a negatively polarized model carbon electrode with a flat surface in the ionic liquid electrolytes. Figure 3 shows the electrode potential dependence of the differential specific capacitance of a GC electrode in the presence of EMImFSI, EMImBF 4 , EMImTFSI, and corresponding lithium solutions. The values were calculated from AC impedance measurements at a low frequency (i.e., 10 mHz) over an electrode potential range of ¹0.7 to ¹2.3 V vs. Ag/Ag + . Assuming that the compact layer (electric double-layer) in an ionic liquid electrolyte behaves according to the Gouy-Chapman-Stern model, as described by Kornyshev 30, 31 and Oldham, 32 the obtained capacitance (total capacitance, C total ) at a low frequency includes the compact layer (Helmholtz layer) capacitance, C CL , and the diffusion layer capacitance, C diff :
However, on a flat-surfaced electrode, C diff is very large relative to C CL . Therefore, the observed total capacitance C total can be regarded simply as C CL . 24, 30 In the neat ionic liquids (EMImFSI, EMImBF 4 , and EMImTFSI), the observed capacitance slightly increased as the cathodic polarization was increased because of the increase in the quantity of the EMIm + cation directly adsorbed onto the electrode surface. In addition, the capacitances at each electrode potential in all media were comparable. The maximum differential capacitance of the GC electrode in all media reached approximately 1.5 mF cm
¹2
, which suggests that the electrode/electrolyte interfacial structure (i.e., compact layer structure) for EMImFSI, EMImBF 4 , and EMImTFSI is not affected by the anion species. This result Electrochemistry, 81(10), 857862 (2013) coincides with the finding that the cells with the neat ionic liquids exhibited nearly the same discharge capacitance as described in Fig. 1(d) . Comparing the capacitance behavior for EMImFSIbased systems with and without the LiTFSI salt [ Fig. 3(a) ] reveals that the differential capacitance in LiTFSI/EMImFSI increased significantly with increasing cathodic polarization and showed the largest capacitance, greater than 2.7 mF cm ¹2 at ¹2.3 V vs. Ag/ Ag , less than half of the differential capacitance for neat EMImBF 4 and EMImTFSI. We previously demonstrated that the increase in differential capacitance for LiTFSI/EMImFSI is due to the minimal Li + occupation at the primary layer in the compact layer, resulting in a reduced thickness of the compact layer where electrostatic energy is stored as well as an increase in the charge carrier density. 29 This phenomenon occurs because the capacitance of the compact layer, C CL , is related to its thickness, d CL , as shown in the following equation:
where ¾ is the dielectric constant and S is the electrode's surface area. For LiTFSI/EMImTFSI, however, the compact layer on the GC electrode might be thicker than that for EMImTFSI because of the formation of anionic clusters such as [Li(TFSI) 2 ] ¹ , which result from the strong Lewis acidity of Li + . 33 The anionic cluster could maintain its configuration near the electrode/electrolyte interface due to the relatively strong interaction of Li + -TFSI ¹ suggested by the ab initio calculations. 34 Thus, the increased thickness of the compact layer is likely caused by EMIm + and the large anionic cluster located in the primary and secondary layers. 29 The observed increase or decrease in the differential capacitance of the GC model electrode in LiTFSI/EMImFSI and LiTFSI/ EMImTFSI is in accordance with the results of the EDLC performance shown in Fig. 2 . Based on the lower differential capacitance for LiBF 4 /EMImBF 4 [ Fig. 3(b) ], the compact layer structure in LiBF 4 /EMImBF 4 should be close to that in the EMImTFSI-based electrolyte; the dissolved Li + would be enclosed in BF 4 ¹ anions and exist as an anion cluster, which would then lead to an extension of the thickness of the compact layer. Further investigations are required to understand the discrepancy between the two-capacitance behavior in EMImBF 4 -based electrolytes observed in Figs. 2(c) and 3(b) ; however, we propose that the disagreement arises from the slow kinetics of the compact layer formation. The differential capacitances estimated after sufficient polarization of the GC electrode as observed in Fig. 3 were based on a stationary interfacial structure, whereas the discharge capacitance of the EDLC cell might be affected by non-steady-state formation of the compact layer. , where x is the concentration of a lithium salt (mol kg
¹1
) and y is the discharge current density (mA cm Such a time-dependent structure could be observed in the chargedischarge behavior of the EDLC cell with LiTFSI/EMImFSI. As in Fig. 2(b) , the capacitance for LiTFSI/EMImFSI decayed as the discharge current density increased in the low current rang from 2.5 to 40 mA cm
¹2
, and the capacitance became constant and similar to that of neat EMImFSI. This suggests that the effect of the addition of
Li
+ on the enhancement of discharge capacitance was restricted to the EDLC operation at low current density. Figure 4 compares the frequency dependence of the differential capacitance behavior for the GC electrode in LiTFSI/EMImFSI. Focusing on the transition in the differential capacitance at electrode potentials less than ¹2.0 V vs. Ag/Ag + , the capacitance for LiTFSI/EMImFSI decreased as the applied frequency increased and became relatively low compared to that of neat EMImFSI. This result confirms that the compact layer structure for LiTFSI/EMImFSI obtained at a high frequency is the same as that of EMImBF 4 -or EMImTFSI-based systems.
Conclusions
The charge-discharge behavior of the EDLC cells containing 3 types of ionic liquids (EMImFSI, EMImBF 4 , and EMImTFSI) and their lithium solutions were investigated. At a relatively low discharge current density, focusing on the differential discharge capacitance, the charge-discharge behavior of the EDLCs composed of neat ionic liquids was slightly affected by the component anion, whereas the addition of a lithium salt to an electrolyte induced a significant change in the EDLC performance. Although the addition of a lithium salt to EMImTFSI reduced the discharge capacitance of the corresponding EDLC cell, an improvement in discharge capacitance was achieved when the LiTFSI/EMImFSI electrolyte was employed. The EDLC cell with LiBF 4 /EMImBF 4 demonstrated charge-discharge behavior that was intermediate that of the EMImFSI-and EMImTFSI-based systems.
To understand the origin of the difference in the charge-discharge behavior of the lithium-containing ionic liquid electrolytes, we evaluated the differential capacitance of a model GC electrode in these media by electrochemical AC impedance. The observed differential capacitance of the GC electrode in LiTFSI/EMImFSI exceeded the differential capacitance in neat EMImFSI for increased cathodic polarization, whereas the opposite results were obtained for LiBF 4 /EMImBF 4 and LiTFSI/EMImTFSI. The differing capacitance behavior can be attributed to the compact layer formation at the electrode/electrolyte interface, which is affected by the coexistence of Li + and the component anion species. Further investigations are required to determine the relationship between the compact layer structure and the charge-discharge behavior of an EDLC, but from the perspective of the compact layer structure at the electrode/electrolyte interface, the present results are helpful for constructing not only EDLCs but also other devices, such as Li-ion batteries and Li-ion capacitors utilizing ionic liquid electrolytes.
